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Abstract: Ethylene hydrogenation was investigated on size-
selected Pt;; clusters supported on three amorphous silica (a-
Si0,) thin films with different stoichiometries. Activity meas-
urements of the reaction at 300 K revealed that on a silicon-rich
and a stoichiometric film, Pt;; exhibits a similar activity to that
of Pt(111), in line with the known structure insensitivity of the
reaction. On an oxygen-rich film, a threefold increased rate
was measured. Pulsing ethylene at 400 K, then measuring the
activity at 300 K, resulted in complete loss of activity on the
silicon-rich surface compared to only marginal losses on the
other surfaces. The measured reactivity trends correlate with
charging characteristics of a Pt;; cluster on the SiO, films,
predicted through first-principle calculations. The results
reveal that the stoichiometry-dependent charging by the
support can be used to tune the selectivity of reaction pathways
during a catalytic hydrogenation reaction.

M odel catalysis on supported transition-metal particles
under ultrahigh-vacuum (UHV) conditions allows precise
control of critical factors that govern heterogeneously cata-
lyzed reactions, thereby reducing the complexity of the
system and allowing targeted investigations of key parameters
influencing the reaction activity, selectivity, and specificity of
a catalyst.l'*! To date, UHV studies have shown the ability to
influence the chemical and/or morphological properties of
nanoparticles supported on thin metal oxide films“ by
controlling the precise particle size,” the film thickness,!*!
the presence of defect sites,**!* and the reduction state of the
thin film."”
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A commonly used support in heterogeneous catalysis is a-
Si0,,"1 and it has been shown that a-SiO, thin films grown
in UHV provide an opportunity to vary the metal oxide
stoichiometry through selection of the growth parameters.””!
In particular, early experiments demonstrated three types of
a-Si0, films that can be grown under UHV conditions on
a metal single crystal: silicon-rich, stoichiometric, and
oxygen-rich; initial investigations showed no differences in
their interaction with adsorbed silver atoms.” The silicon-
rich a-SiO, film represents a support which has electron-
donating properties; that is, the surface is expected to donate
electronic charge to the deposited metal clusters.”? The
platinum clusters on the stoichiometric film are expected to
remain charge-neutral overall, whereas the oxygen-rich sur-
face is expected to deplete electronic charge from the
deposited Pt clusters (that is, partial positive charging), as is
the case for platinum adsorbed on oxide surfaces.”

Identification, characterization, and understanding of the
factors that govern the reactivity and selectivity of catalytic
reactions is complicated by the multiplicity of parameters that
need to be considered. These include: structural aspects
(pertaining to atomic-scale geometrical arrangements of the
adsorbed metal particle, the supporting surface, and the
adsorbed reactants), electronic spectra and substrate-induced
effects (for example, support-mediated catalyst-particle
charging), and size-effects that influence the aforementioned
factors, as well as underlie the classification of heterogeneous
catalytic reactions into size/structure dependent or independ-
ent reactions.

Fundamental insight into these reactivity-controlling
factors can be enhanced through research strategies that
allow deconvolution of at least some of the above-noted
interdependent effects. This is indeed the approach that we
have taken in this work by using the aforementioned
stoichiometrically different SiO, films used as support
surfaces, and by exploiting our capability of performing
reactivity studies on single-sized catalysts particles (Pt,; in this
study). This allows for an unparalleled degree of complexity
reduction, as only a single parameter in the catalyst system is
being varied (namely, the support surface stoichiometry),
keeping unchanged the chemical identity of the substrate and
the supported metal clusters, the size of the catalyzing
particles, and the experimental conditions.

Ethylene hydrogenation on platinum is a classical model
heterogeneous catalytic reaction for hydrocarbons, which has
been extensively investigated on a variety of metal oxide
supported particles, as well as single crystals.*?*’! This
reaction has been customarily classified as structure-insensi-
tive, that is the activity does not change with particle size, or
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single crystal facet. However, a recent reassessment has
concluded against the applicability of such classification for
platinum catalyst particles of sub-nanometer dimensions. This
was shown in a joint theoretical and experimental approach to
coincide with the suppression of ethylene dehydrogenation on
Pt,;, which induces structure insensitivity, at low temperature
(< 400 K).P*3 Consequently, we focus in this work on
ethylene hydrogenation turnover frequencies (TOF) on
a single cluster size (Pt;3) supported on the aforementioned
a-SiO, supports grown on a Pt(111) single crystal and isolate
the effect of support stoichiometry on the reaction activity, as
well as demonstrate that the stoichiometry can be used to
tune the activity of the reaction.

A UHV chamber equipped with a laser vaporization
cluster source*” was used to synthesize three different a-SiO,
thin films on a Pt(111) single crystal using the procedure
detailed in our previous publication.™ These films (which are
4-5 layers thick) are: silicon-rich, stoichiometric, and oxygen-
rich. Complete experimental details of the film growth,
characterization, cluster deposition, and activity measure-
ments can be found in the Supporting Information. Figure 1a
shows the TOF of Pt;; at 300 K (blue) as a function of the a-
SiO, support stoichiometry measured using a pulsed molec-
ular beam technique (PMB),***! along with the TOF
measured at 300 K but after pulsing a defined amount of
ethylene at an elevated temperature of 400 K (green). Also
included for comparison are the results obtained by perform-
ing the same experiment on a Pt(111) single crystal. There is
a distinct reactivity trend before and after the 400 K step,
which correlates with the support stoichiometry. The Pt;;
clusters on both the silicon-rich and stoichiometric film
exhibit at 300 K a similar activity to the Pt(111) single crystal,
whereas the oxygen-rich film activity shows an almost
threefold increase. After pulsing a defined amount of
ethylene at an elevated temperature of 400 K, the TOFs
measured again at 300 K (green) show that the clusters
supported by the silicon-rich film exhibit a total deactivation,
while those on the oxygen-rich film lose about half their
activity. The clusters supported on the stoichiometric film
show almost no deactivation, while the Pt(111) single crystal
loses some activity.

IR reflection absorption spectra (IRRAS) of CO ad-
sorbed on the clean Pt;; clusters and after the deactivation
step are displayed in Figure 1b. The clusters adsorbed on the
oxygen-rich and stoichiometric film both show a red-shift
after the deactivation step, while on the silicon-rich film no
signal is observed.

Insights into the experimentally measured dependencies
of the hydrogenation and dehydrogenation reactions on the
stoichiometry of the a-SiO, support were obtained through
first-principles simulations of the structural and electronic
characteristics of Pt;; clusters adsorbed on an a-SiO, surface.
This substrate has been specifically designed as a four-layer-
thick (on average) film deposited on a Pt(111) surface, aiming
at simulating the films used in the experiments (see the
Supporting Information for experimental characterization of
the films). Combined classical molecular dynamics and
quantum-mechanical (density-functional theory, DFT) simu-
lations have been used in preparing these films (see the
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Figure 1. Ethylene hydrogenation kinetic data and IRRAS results with
CO as a chemical probe before and after reaction. a) Pt,; TOF at 300 K
as a function of SiO, support stoichiometry before (blue) and after
(green) pulsing at 400 K. b) IRRAS of CO from the cluster samples
before (blue) and after (green) the complete cycle in (a).

Supporting Information). In Figure 2 we display results from
DFT calculations for two structural motifs of the adsorbed
Pt,; clusters: one comprised of a two-layer structure (with 7 Pt
atoms in the bottom layer, and 6 atoms on top; a similar bi-
layer structure of Pt;; on alumina has also been previously
reported),®® and the other having a pyramidal structure; in
both cases the structures of the adsorbed clusters have been
relaxed with no constraints using DFT-based structural
optimizations (see the Supporting Information); the results
shown below for both cluster motifs exhibit similar trends. We
obtained these results by shifting the position of the Pt;;
cluster on the surface, thereby generating an ensemble of
scanned alternative adsorption sites of the cluster deposited
on the surface of the simulated a-SiO, substrate; although the
a-SiO, film has been prepared as a (nominal) stoichiometric
film (that is, a film (globally) containing Si and oxygen atoms
in the ratio of 1:2), we find that on a local scale it exhibits
oxygen-rich and silicon-rich non-stoichiometric regions, along
with truly stoichiometric domains.

First we note the large structural heterogeneity of the a-
SiO, surface reflected in the broad distribution of the total
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Figure 2. First-principles calculated total energies, d. (center of the d-
electron states), charging of a Pt,; cluster supported on a four-layer-
thick a-SiO, film adsorbed on a Pt(111) surface. Results are shown for
two Pt;; cluster motifs: a 2-layer structure (blue diamond) and

a pyramidal one (red squares); the insets in (a) depict the structures
of the two adsorbed platinum clusters (lilac spheres) on the a-SiO,
film (yellow and red spheres) deposited on a Pt(111) substrate (lilac
spheres). The straight lines denote the best fit to the calculated data.
a) Total energy distribution of the cluster adsorbed at different sites on
the a-SiO, surface. Average energies are denoted by horizontal lines.
b) The d. plotted versus the surface-induced electron excess [An,-
[Pty5] > 0], or depletion [An[Pt;5] < 0] of the clusters. c) An,[Pt;;]
plotted vsersus the number of Pt—O bonds formed at the various
adsorption sites of the clusters. d) An,[Pt;3] plotted versus the number
of Pt=Si bonds.

energies of the Pt;;/a-SiO, clusters calculated at the afore-
mentioned various adsorption sites on the a-SiO, surface
(Figure 2a), with images of selected optimized adsorbed
cluster structures shown in the Supporting Information);
these total-energy variations are reflected also in the distri-
bution of the corresponding cluster adsorption energies (see
the Supporting Information). In Figure 2b we show the
distribution of the d-electron centers (d[Pt;5]) of the clusters
plotted versus the adsorption-induced electron excess [An,-
[Pt;5] > 0], or depletion [An,[Pt;5] < 0] of the clusters, and in
Figure 2¢,d we display the distributions of An,[Pt,;] plotted as
a function of the number of bonds made by the adsorbed Pt,;
cluster to the O and Si atoms of the a-SiO, surface (at the
various adsorption sites). Importantly, we find that the sign,
magnitude, and slope of the extra charge on the clusters
(electron excess or depletion) vary in a linear manner as
a function of the number of Pt;;-to-SiO, bonds (n(Pt-O) in
Figure 2 ¢ and n(Pt-Si) in Figure 2d).

The origins of the observed dependencies of the catalytic
TOFs on the cluster charging characteristics discussed above,
may be found in the Dewar—Chatt-Duncanson (DCD)
donation-back-donation model®-*! for ethylene adsorption
(and hydrogenation/dehydrogenation) on d-electron metals,
where donation (back-donation) refer to the interaction of
the ethylene m-orbital (;*-orbital) with the metal d-electrons;
in the context of the hydrogenation/dehydrogenation reac-
tions these terms signify the (agnostic) interaction between
the metal d-electrons and the o(C-H) (o(C-H)*) bond of the
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adsorbed ethylene molecule with the reactant hydrogen atom.
These interactions (particularly the back-donation from the
metal d-electrons to the antibonding o(C-H)* orbital) are
expected to depend on the charge state of the metal cluster,
specifically, the population and location of the highest
occupied d-electron states with reference to the Fermi energy.

At this juncture it is pertinent to remark on the lack of
dependence of the location of the d-electron centers of the
Pty; clusters (d,, the calculated centroid of the d-electron
states) on the charge states of the clusters adsorbed on the a-
SiO, film (Figure 2b). This reflects the inapplicability for
metal clusters of less than about 20 atoms (that is at the
bottom of the nanometer size-scale) of d-band model
theories,™ as well as other concepts formulated originally
for particles of larger sizes or extended metal surfaces; see
a recent reassessment of the validity of the concept of
structure sensitivity/insensitivity to sub-nanometer platinum
catalysts.F”3! In this model, a shift in the d, away from the
Fermi level is found to be correlated with lowering of the
activation barrier for ethylene hydrogenation, as well as
predicting under such circumstances an increase in the
activation barrier for ethylene dehydrogenation. In the
opposite situation, a shift of the d-band center towards the
Fermi level is associated with a lowered activation barrier for
ethylene dehydrogenation and an increased barrier for
hydrogenation. We have recently observed trends that
follow the predictions of the d. model in studies of the
catalyzed hydrogenation of ethylene on larger nanoparticles
of Ni, Pd, and Pt supported on MgO(100), where the
disposition for catalyst deactivation was directly related to
the calculated d-band center of My, (M =Ni, Pd, and Pt)
model clusters.*) The metal with the d-band center closest to
the Fermi level, Ni, exhibited the most facile deactivation
whereas the metal with a d-band center farthest from the
Fermi level, Pt, was most resistant to deactivation.

With these findings we may elucidate the measured
reactivity pattern shown in Figure 1a. The silicon-rich a-
SiO, film donates electron density into the cluster (see
Figure 2d), thereby filling unoccupied states closer to the
Fermi level. This lowers the barrier for dehydrogenation
(activating the process even at 300 K) compared to the
stoichiometric film, correlating with our finding (Figure 1a)
that only on this support clusters deactivate completely at
400 K. This deactivation is likely caused by a more complete
dehydrogenation of ethylene, similar to the species (ethyl-
idyne and graphitic-like) formed on Pt(111) above 450 K
upon dehydrogenation of ethylidyne.*"*!! The stoichiometric
film shows no deactivation at 400 K, as the next dehydrogen-
ation barrier cannot be overcome at this temperature (in
contrast to the aforementioned case of the silicon-rich film)
leading to an almost identical activity after the temperature
step. The fact that Pt;; clusters on the silicon-rich and
stoichiometric films exhibit an activity similar to the Pt(111)
single crystal surface at 300 K is a strong indication that on
these supports ethylene adsorbed on deposited Pt; clusters
has already undergone a dehydrogenation step; indeed, it is
known that ethylene readily dehydrogenates to form ethyl-
idyne on Pt(111) at these temperatures, and that the hydro-
genation reaction proceeds with this species and di-o- bonded
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ethylene as stagnant spectators.’”) This alkylidyne layer has
been posited as the reason underlying the structure insensi-
tivity observed for this reaction on platinum.

The oxygen-rich film on the other hand withdraws
electrons from the adsorbed clusters; recall the increase in
electron depletion, [An[Pt;]<0], predicted for clusters
forming a larger number of Pt—O bonds to the a-SiO,/Pt(111)
surface (Figure 2c¢). This depletion (which results in a partial
positive charge on the cluster) is expected to result in a shift of
the d-electron energies away from the Femi level (that is, to
more negative energy values). Although no such systematic
shift is found for the d-centers calculated for the adsorbed
clusters (with the calculated average being <d. >=—-2.40eV
regardless of the sign of the surface-induced charge of the
cluster; see Figure 2b), we find through an atom-by-atom
analysis of the d. values for charge-depleted clusters ([An.-
[Pt;5] <0]) a significant number of atomic sites with their
centroid of the d-electron energy levels shifted further away
from the Fermi level. This behavior, that serves to illustrate
the atom-by-atom heterogeneous behavior of the individual
Pt,; clusters adsorbed on the a-SiO, film, is portrayed by the
atomic-scale surface-induced charge (Figure 3a) and atomic
d, distributions (Figure 3b), calculated for a selected partially
positively-charged cluster (with An [Pt;3] = —2.6 e and overall
d.=—2.42 ¢V) bonded to the surface via 7 Pt—O bonds. Such
local shifts of the d-electron levels are predicted to bring
about increased dehydrogenation activation barriers on Pt;
clusters supported on oxygen-rich a-SiO, films, compared to
the reaction taking place on a-SiO, surfaces with other
stoichiometries. Consequently, at 300 K the formation of this
dehydrogenated product leading to structure insensitivity
(tentatively attributed to ethylidyne) has been attenuated.
The enhanced activity at 300 K (Figure 1a) is unprecedented
as the ethylene hydrogenation is known to be a structure
insensitive reaction, as we observe when comparing the other
two films to the Pt(111) single crystal. At higher temperatures
the first dehydrogenated products start to form on the
oxygen-rich support, hence the significant decrease in activity
observed after pulsing at 400 K.

Further support for the above interpretation of the
reactivity data (Figure 1a) is given by the IRRAS- spectra
of CO adsorbed on the supported clusters, measured before
and after the complete reaction cycle. After the full reaction
sequence displayed in Figure 1a both the oxygen-rich and
stoichiometric SiO, film show a similar CO stretch frequency
(see Figure 1b) which is slightly red-shifted from that of the
clean clusters. This red-shift is known to occur when carbon
species are co-adsorbed on platinum particles with CO.[*#!
The silicon-rich film shows no CO stretch indicating that the
clusters are completely covered by a carbonaceous species
within the sensitivity of our experiment. This exemplifies the
effect of electron donation into the cluster, namely, increased
electron density facilitates the formation of carbon deposits
(through dehydrogenation pathways) and quenches the
ethylene hydrogenation activity at 300 K.

In summary, focusing on a single cluster size (Pt;)
supported on a-SiO, surfaces with variable stoichiometry,
we have demonstrated the ability to disentangle the effect of
the substrate-cluster interactions from other factors that
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Figure 3. First-principles calculated atomic-scale excess charge An, (a)
and d -center (b) distributions calculated for a bilayer Pt;; cluster
supported on a 4-layer thick a-SiO, film adsorbed on a Pt(111) surface.
The selected adsorbed Pty; cluster is characterized by an overall charge
depletion An,[Pt;;]=—2.6 e (positively charged) and d.=—2.42 eV. In
each of (a) and (b), we show four views of the Pt;; cluster, with the
atom numbers on the atoms (represented by spheres). The colors of
the atoms represent their values of An, and d. values, according to the
color bars. Surface-induced electron excess [An[Pt;5] > 0] is in blue
and depletion [An[Pt,3] < 0] in red; neutral atoms are represented by
white colored spheres. The value of d. is calculated relative to the
Fermi energy set at 0. For each property we show two views: i) two top
views: with only the atoms in the bottom layer of the cluster, in
contact with the surface, shown on the left and all the atoms of the
cluster shown on the right), and ii) to tilted views, with the ones on
the left and right as in (i). Yellow spheres represent Si atoms and
small deeper red spheres correspond to oxygen atoms. The underlying
lilac spheres depict the Pt(111) substrate. In (b), atoms with partic-
ularly larger shifts from the Fermi level (more negative d. values) are:
number 2 (d.=—-2.78 ¢), 4 (d.=—2.88 ¢), 6 (d.=—2.81¢), 9
(de=-2.57¢),10 (d.=-2.52¢), and 12 (d.=—2.97 ¢).

influence the catalyzed ethylene hydrogenation. We have
shown that precise control of the support stoichiometry can
be used to tune the activity of a catalytic hydrocarbon
reaction by suppressing or activating (alternative) side
reaction pathways. The proclivity for hydrogenating or
dehydrogenating ethylene (Figure 1) was shown to be con-
sistent with partial charging considerations of Pt;; clusters
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adsorbed on a-SiO, (see Figures 2 and 3). Our work provides
the impetus for further investigations of the effect of support
stoichiometry, particularly for more applied reactions, where
chemoselectivity and stereoselectivity are additional impor-
tant factors. This could reveal unexpected strategies to control
catalytic performance in the future.
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